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Abstract 
High-temperature corrosion resistant ferritic steels are commonly used in heat exchangers for auxiliary power units 
(APU), automotive exhaust systems and structural parts of solid oxide fuel cells (SOFC) due to their excellent 
thermal fatigue resistance. As the process temperatures in these applications are primarily limited by the materials 
high temperature strength, the main focus of this work is on the improvement of this property by adjustments in the 
material design. Generally, two mechanisms were used to increase the high temperature strength, solid solution 
strengthening and precipitation hardening. Due to their large atomic radii and high solubility in Į-Fe, W and Mo were 
used for solid solution strengthening. Furthermore, the content of niobium, which is well known to form Laves phase 
precipitates, was raised. This led to a higher content of Laves phase precipitates compared to the reference material. 
The analyses concentrated on the effect of the Laves phase. Strength at elevated temperature was investigated in 
compression tests at 900°C with respect to the annealing time which was varied between 1h and 1440 h.  
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1. Introduction 
Heat-resistant steels can be separated into a ferritic and an austenitic group. While the high-Cr ferritic 
steels are designed for corrosion resistance the austenitic steels exhibit higher strength at elevated 
temperature [1]. However, high-Cr ferritic heat resistant steels are the most commonly used material for 
the application in exhaust systems, heat exchangers and solid oxide fuel cell. Due to their low thermal 
expansion coefficient it is possible to reduce the thermal expansion of the constructions. This corresponds 
with an excellent thermal fatigue resistance. Besides the requirement for high thermal fatigue resistance it 
is important to increase the high-temperature strength at the proposed application temperature of 900°C 
with a sufficient oxidation resistance. Additionally, several other engineering exigencies should be 
achieved, such as sufficient toughness, good weldability and adequate hot and cold workability. Because 
of the high chromium content and several elements with a Ȗ-phase constriction effect, the ferritic steels 
consist of a completely ferritic matrix. Therefore, no Į/Ȗ phase transformation occurs. In order to increase 
the high-temperature strength solid solution strengthening, precipitation hardening and grain refinement 
were used. The aim of the present study was to investigate the influence of precipitation hardening on the 
high-temperature strength of ferritic stainless steels based on precipitation of an intermetallic phase of the 
type A2B (Laves phase).  
2. Experimental
The thermodynamic modeling software Thermo-Calc S based on the CALPHAD method has been 
employed for the design of the alloys [2]. The software has been used for calculations of the phase 
equilibria and the evaluation of phase stabilities to determine the influence of several alloying elements 
like Nb, Si, Mo and W. All calculations were carried out with the database TCFE6.2 [3].  
Alloys were produced by vacuum induction melting with masses of about 1 kg followed by forging at 
900°C in several steps from a diameter of 42 mm to 16.5 mm with a rotary swaging machine. The 
chemical composition of the specimens is shown in Table 1. In order to determine the high-temperature 
strength in dependence of the aging time, compression test were performed. Specimens of Ø 5×10 mm 
were solution annealed at 1100°C for 5 min followed by water quenching. The isothermal annealing 
treatment was carried out at 900°C for dwell times between 1 and 1440 h in a furnace in air. After aging, 
hot compression tests were carried out at 900°C with a thermo-mechanical testing device. The samples 
were heated up to 900°C with a heating rate of 5K/s and thermally equilibrated for 2 minutes. The 
compression tests were performed at an initial strain rate of 10-3 1/s. The samples were cooled to room 
temperature after compression. The microstructure of the alloys was analyzed in all annealing states by 
light optical microscopy and scanning electron microscopy, the latter with an accelerating voltage of 15 
kV. Grain size was measured by using standard linear intercept method at magnifications of 50x and 
100x. To define the average grain size, at least five images were analyzed. The orientation of the images 
was perpendicular with respect to the forging direction.  
 
Table 1. Chemical composition of the alloys (mass %): 
 
C N Cr Nb Mo W Si Ti Al Mn S 
Fe17Cr 0.004 0.006 16.9 0.85 - - 0.21 0.01 - 0.03 0.006 
Fe15CrMoW 0.005 0.008 14.9 0.85 0.83 1.4 0.25 0.02 - 0.02 0.008 
Fe19CrMoAl 0.007 0.006 18.93 0.79 1.98 - 0.27 0.06 3.64 0.02 0.008 
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3. Results 
3.1. Alloying constitution  
In order to improve the high-temperature strength of high-Cr ferritic steels, solid solution 
strengthening and precipitation hardening were used as strengthening mechanismsIn order to determine 
the effect of W and Mo on high-temperature strength, one of the developed steels was not alloyed with 
these elements. The precipitation hardening was based on the intermetallic compound of A2B-type (Laves 
phase). There are several elements which influence the Laves phase formation. One of the most potent 
Laves phase formers is the element Nb [4]. However, Si and Al also influence the stability of the Laves 
phase. In order to adjust the precipitation hardening it is important to form Laves phase with a high 
stability at the proposed application temperature. Therefore, the influence of Nb, Si and Al on the Laves 
phase formation was determined by thermodynamic calculations. The calculated solvus temperatures 
Tsolvus of the alloying system Fe15Cr0.75Mo1.5W (wt %) are plotted versus the Nb content in Figure 1. 
The increase of the Nb content from 0.5 wt% to 1 wt% shifts the solvus temperature by 100 K to higher 
temperature. The strong effect of Nb to form Laves phase can be enhanced adding the element Si (0.25 wt 
%) by a mean temperature of 100K. The element Al advances the formation of Laves phase from the 
thermodynamic point of view. In order to avoid large Laves phase particles precipitated during 
solidification, the solvus temperature should be not too high. Therefore, the contents of Nb, Si (and) Al 
were determined to obtain a solvus temperature of about 1050°C (Table 1). The phase diagram of the 
Fe19CrMoAl is shown in Figure 2 as a function of the C content. In the phase field of interest ferrite, 
Laves phase, TiN and MX carbonitrides are observed as equilibrium phases. The solvus temperature of 
the steels Fe15CrMoW and Fe19CrMoAl are around 1060°C while Tsolvus of Fe17Cr is about 1030°C. To 
generate precipitation hardening it is interesting to determine the volume fraction of Laves phase. In 
Fe15CrMoW and Fe19CrMoAl the calculated equilibrium volume fractions at 900°C are about 1% and 
the volume fraction in Fe17Cr is about 0.7%.  
 
 
 
 
 
Fig. 1. Calculated solvus temperatures in dependence of the Nb content 
of the alloying system Fe-15Cr-0.75Mo-1.5W with addition of 0.25 
and 3.5 Al (wt %) 
Fig. 2. Calculated phase diagram of the steel 
Fe19CrMoAl 
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3.2. Compression tests 
In Figure 3 the results of the compression tests follow from the 0.2% offset yield strength as a 
function of the isothermal aging at 900°C. It can be seen that after 1h annealing the high-temperature 
strength of the steel Fe17CrMoW is about 48% higher than Fe17Cr. After 1440h, the high-temperature 
strength of the steel Fe15CrMoW is still about 50% higher than Fe17Cr. The high offset yield strength of 
the steels 15CrMoW is been exceeded by Fe19CrMoAl. After 1h annealing the high-temperature strength 
of Fe19CrMoAl increased about 50% compared to Fe15CrMoW and about 130% compared to Fe17Cr. 
However, the 0.2% offset yield strength of all three materials decreases slightly by increasing the aging 
time. In Fe19CrMoAl, the high-temperature strength of the 1h annealed state is about 67 MPa (± 2.55) 
and with further aging time up to 1440h the strength decreases to 58 MPa (± 2.55).  
 
Fig. 3.  Offset yield strength in dependence of isothermal annealing time at 900°C 
 
3.3. Microstructure after annealing 
SEM investigations of the alloys show a ferritic matrix with three kinds of precipitates which were 
identified by EDX analyses (Figure 4). As predicted by thermodynamic calculations the precipitates are 
of the type MX (NbCN), TiN and Laves phaseDuring solution annealing at 1100°C the Laves phase is not 
dissolved completely. After 1h annealing at 900°C the Laves phase precipitates exist inside the grains as 
well as at the grain boundaries (Figure 4a). Increasing the annealing time up to 1440h leads to dissolving 
of small particles for the benefit of large particles, which occur on the grain boundaries (Figure 4b). This 
behavior is quantified for the steel Fe17Cr in Figure 5. After 1h aging the frequency of small particles 
(0.2 – 0.6 m) is higher than the frequency of large particles. This behavior changes by increasing the 
annealing time up to 96h. The small particles dissolve in benefit of the large particle. The average grain 
size of Fe15CrMoW changed from 56 m (± 6.5) after 1h annealing to 86 m ((± 10) after 1440h 
annealing. In the steel Fe19CrMoAl the average grain size increased from 74 to 93 m after 1440h. 
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Fig. 4. Microstructure of the steel Fe15CrMoW after isothermal annealing at 900°C
 
4. Discussion 
The pivotal requirement for heat-resistant ferritic steels is to increase the high-temperature strength 
with a sufficient oxidation resistance. Therefore, the design of the new alloys was focused on high Cr 
content for sufficient oxidation resistance. In order to increase the high-temperature strength of the heat-
resistance ferritic steels during the entire service life, precipitation hardening and solid solution 
strengthening were used to stabilize the microstructure at high temperature. For the precipitation 
hardening it is necessary to initiate finely dispersed precipitates (Laves phase) with a sufficient stability at 
high temperature. Therefore, thermodynamic calculations were performed to predict the influence of 
several elements (Nb, Si, Al, W and Mo) on the solvus temperature of Laves phase. The shift of solvus 
temperature of the Laves phase to higher temperature leads to an increase of their volume fraction at the 
required application temperature. The element Si amplifies the strong influence of the Nb on the stability 
of Laves phase (Figure 1). Aghajani et al. [5] state that Si plays a key role in the formation and growth of 
Laves phase. Hosoi et al. [6] show that a decrease in Si content in tempered martensitic ferritic steels 
strongly delays the time required to form Laves phase. In these steels with negligible amounts of Si no 
Laves phase could be detected. Although Mo and W contribute to form Laves phase, these elements were 
used to increase the solid solution strengthening by their large atom radii. Furthermore, according to 
Fujita et al. [4] the element Mo also improves the thermal fatigue live in the alloying system Fe19Cr-Ti-
0.5Nb-2Mo.With increasing annealing time the 0.2% offset yield strength of all steels decreases slightly. 
Compared to Fe17Cr the high-temperature strength of the steel Fe15CrMoW is about 48 % higher, which 
also remains during long time aging (Figure 3). This considerable difference in the high-temperature 
strength is due to the solid solution strengthening effect of Mo and W. The strong effect of Al to the high-
temperature strength is also related to solid solution strengthening. The general reduction in high-
temperature strength after long-term annealing could be explained by grain growth. However, in these 
steels minimal grain growth occurred during aging. The slow growth of the grains could be due to the 
pinning effect of the precipitates (Laves phase and MX). Consequently, the reduction of the high-
temperature strength by long-term annealing should be caused by another effect. One explanation could 
be the rapid growing and coarsening of Laves phase. As it can be seen from Figure 4a-d in the present 
steels the Laves phase precipitates grow during the isothermal annealing rapidly. This behavior is 
quantified in Figure 5. The dissolution of small precipitates in benefit of the large ones is corresponding 
1656  N. Nabiran et al. / Procedia Engineering 10 (2011) 1651–1656
to Ostwald ripening (coarsening). The driving force for the Ostwald ripening process is the reduction of 
the interface free energy of the material [7]. Since smaller particles in solution have a higher surface to 
volume ratio than larger particles, smaller particles are less stable than larger ones of the same material. 
An increase in the mean particle size will reduce the total free energy of the system and this reduction is 
the driving force for the coarsening. Consequently, the rapid coarsening of the Laves phase precipitates at 
900°C leads to such large particles that their contribution to strengthening is small. It is most effective if 
the particles are very small [7]. However, through the Laves phase precipitates the grain growth can be 
inhibited and this effect contributes to the high-temperature strength. 
 
Fig. 5. Relative frequency of the Laves phase particles versus the arrange particle size in dependence of the annealing time for the 
steel Fe17Cr 
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